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Abstract:  In order to predict more accurately the pressure transients accompanying air release and 
vaporous cavitation inside oil-hydraulic low pressure pipelines, a new method using genetic algorithms 
(GAs) for parameter identification is described. A mathematical model for pressure and flow transients 
is presented in which models of vaporous cavitation and dynamic air release and re-solution are 
incorporated. This model enables the prediction of both the vaporous cavitation and the air bubble 
volumes in the pipeline during the transients following a sudden cut-off of the flow. The accurate 
prediction of behavior largely depends on three generally unknown parameters required by the model, 
namely: the initial air bubble volume in the oil, and the air release and re-solution time constants.  
Through the use of the GAs, these parameters can be identified. Predicted results and experimental 
data show close correspondence. 
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1 INTRODUCTION 
 Pressure transients accompanying air release and vaporous cavitation in hydraulic low-pressure 
pipelines, such as in the suction line of a hydraulic pump or the return line of a hydraulic system, are 
generally undesirable as they can lead to performance deterioration and damage. The presence of air and 
vapour cavities also influences pressure transient behaviour in hydraulic pipelines. For an accurate 
assessment of performance and as an aid to the design of hydraulic pumps and systems, it is of great 
importance to be able to predict, accurately, the pressure transients accompanying air release and 
cavitation. 
The modeling and simulation of air release and cavitation in pipelines has been studied by a number 
of authors [e.g. 1-4] but still presents a significant challenge. The lack of appropriate parametric data 
adds to the difficulty. 
In recent years, the research in this area has focused on developing models for the prediction of 
pressure transients occurring in high pressure pipelines under non-cavitation conditions [e.g. 5, 6]. 
However, these models are unsuited for the prediction of behavior of low pressure pipelines where 
cavitation and air release is occurring. For most mineral oil based hydraulic systems, the oil contains 
dissolved air. More generally, the types of liquid being conveyed in pipelines can contain other types of 
dissolved gas - CO2 for example. In order to take account of gas release in the modeling of cavitation in 
liquid piping systems, Kranenburg [7] described the rate of gas release and re-solution as a function of 
gas bubble radius, pressure and relative velocity of gas bubbles in the liquid phase. However, the 
determination of the gas bubble radius and the relative velocity is based solely on judgment or an 
empirical formula. Hence this approach is unlikely to be appropriate as a means of predicting transient 
behavior. Wylie and Streeter [8] made assumptions that the gas release process follows Henry’s law, but 
no attempt was made to explain the influence of release rate on pressure transients in hydraulic pipelines. 
Wiggert [9] analyzed the effect of gas release on pressure transients and identified that the greatest 
uncertainty in the models was the rate of gas release. Baasiri [10] investigated both experimentally and 
numerically air release during column separation and attempted to develop empirical equations for the 
rate of air release and re-solution. Kojima [11] undertook experimental studies using a spool-type 
directional control valve in a housing made of transparent acrylic resin which was mounted at the end of 
a piping system. A high-speed camera was employed to record the growth and collapse of air bubbles 
following sudden closure of the valve. A “gas-nonbubbly flow” model considering the effects of released 
gas inside the separated cavity and of an unsteady pipe friction was developed for the prediction of 
oil-hydraulic pipeline pressure transients. Reasonably good accuracy was achieved, but nonetheless 
there were some discrepancies between simulation and experimental results. Akagawa [12] conducted 
various analytical methods and experiments including experiments for a two-phase air-water flow and a 
one-component two-phase flow, theoretical analysis of the magnitude of pressure rises and linearization 
analysis of pressure transients. Zielke [13] studied the characteristic time scale of the transients and the 
gas release in pipe flow. A common problem with the majority of existing models is that, whilst 
air-release is generally taken to follow first-order dynamics [14], there is no agreement yet on what time 
constants are appropriate to model air release and re-solution and what might be a representative value 
for the initial air bubble volume. 
In order to simulate numerically the pressure transients accompanying vaporous cavitation and air 
release/re-solution in low pressure pipelines, a model is presented here which attempts to capture the key 
features but without being unduly complex. Parameter identification is carried out by means of genetic 
algorithms (GAs) whose objective function is the sum of the least-square errors between experimental 
data and simulation results. The aim is to perform a global search to obtain optimal parameters suitable 
for pressure transient modeling. 
2 MATHEMATICAL MODELS AND SIMULATION METHOD 
2.1 Basic equations under non-cavitating conditions 
The principal equations for the simulation of pressure transients inside a pipeline under non-cavitating 
conditions are well-established. In this paper, a time- and spatial-discretisation method is adopted for 
their solution with amendments to account for behavior when the pressure within any discrete pipeline 
element falls below the saturated vapor pressure. 
The continuity equation, as an expression of mass conservation, can be described as: 
01 2
0
2
0
=∂
∂+∂
∂
x
q
rt
p
c π
ρ                                       (1) 
The motion equation, as an expression of momentum conservation, can be described as:  
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In the continuity equation (1), the acoustic velocity in the oil c0 can be written as: 
effBc ρ=0                                          (3) 
where, ρ is the density and Beff is the effective bulk modulus of mixture. In the motion equation (2), the 
frictional force due to the fluid viscosity F(q) can be described as: 
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where, the first item F0 is the steady state friction and the second item is the frequency-dependent 
unsteady friction. Yi can be calculated from: 
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The constants ni and mi are given by Taylor [15]. 
The specific case considered here is a length of straight pipe of uniform cross-section. In order to 
solve the two partial differential equations in terms of pressure and flow rate, the pipeline is divided into 
n elements of equal length. The scheme has been implemented using the Matlab/Simulink platform.  
The variables of flow rate and pressure are created as vectors. For the n elements, the vectors of flow 
rate and pressure inside the pipeline are: 
T
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The partial derivative terms in time domain, ∂/∂t, can be readily calculated using the integral block in 
Simulink. 
For the solution of the partial derivatives terms in the spatial domain, ∂/∂x, an approach has been 
developed which makes use of the Simulink Selector Block. Taking the boundary condition q0 (in this 
case q0 =0) and the first n−1 number of elements together, the Selector Block is used to re-order 
specified elements of the vector. For the case of the flow rate, a new flow rate vector q′ is formed, such 
that, 
T
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Hence ∂q/∂x can be described as: 
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For the pressure vector, the Selector Block is used to create a new pressure vector p′, thus 
T
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where p0 is the boundary condition. 
So that ∂p/∂x can be described as: 
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More technical details about the discretion of the equation can be seen in Ref. [6]. 
2.2 Air release and re-solution 
Generally, it is accepted that the volume of free air can be treated as a fixed volume during very rapid 
and short duration transients [16]. Nevertheless, Ref. [14] introduced that air-release process was taken 
to follow the first-order dynamics. Therefore, the dynamic volume change of air bubbles in the pipeline 
can be considered during the transients. 
When the pressure falls below the equilibrium condition for the air dissolved in the oil, air bubbles 
form. This is not an instantaneous effect, and is dependent on a number of factors including the type of 
liquid, its temperature, and the degree of "agitation" present. The presence of air in the form of bubbles 
changes the effective bulk modulus of hydraulic oil significantly. This has a consequent effect on the 
acoustic velocity and damping of pressure transients. Even very small quantities of air in the form of 
bubbles can have a significant effect on system behavior. 
Henry's law states that in the case of equilibrium (when the liquid can neither release nor dissolve more 
air), the volume of dissolved air in the liquid is proportional to the absolute pressure pe: 
V
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where S is the solubility constant of air. For a mineral oil hydraulic system, the oil contains around 
9-10% of dissolved air at atmospheric pressure p0 at 20 ºC. V is the volume of hydraulic oil with the 
presence of vapor cavities and air bubbles. 
The instantaneous air bubble volume in the oil Vair is expressed, in aggregate, as an initial bubble 
volume Viniair plus the difference between volume of air dissolved in the oil at the initial condition ve and 
the volume of air v dissolved at time t. It is assumed that initially the dissolved oil is in equilibrium. 
vvVV einiairair −+=                                (9) 
The rate of air release/re-solution can be calculated from: 
τ
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When the pressure falls below the equilibrium condition, the air is released and τ is defined as the air 
release time constant τr; when the pressure recovers, the air is resolved and τ is defined as the air 
re-solution time constant τs. v∞ is the volume of air dissolved in the oil at pressure p, which can be 
written as: 
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If there is no air bubbles inside the oil, the acoustic velocity c0 is constant because the effective bulk 
modulus Beff is equal to the bulk modulus of liquid Bliquid. But if there are air bubbles presented in the oil, 
the effective bulk modulus of the air and oil mixture can be described as: 
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where, Bair and Bliquid are the bulk modulus of air and liquid, respectively. 
2.3 Continuity equation under vaporous cavitating conditions 
When the pressure falls to the vapor pressure of the liquid, vaporous cavitation occurs. This is a 
complex thermodynamic phenomenon which has been addressed in detail by Chochia et al [17]. 
However, previous studies on piston pumps [18, 19] have demonstrated that a relatively simple column 
separation model can capture the key aspects of cavitation. That approach is adopted here. In accordance 
with the flow continuity principle, under column separation the volume of cavitation Vcav can be 
presented as: 
inout
cav qq
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where, qout and qin are the outflow rate and inflow rate of an element in the pipe, respectively. Under 
vaporous cavitating conditions, the pressure in the element is assumed to be the vaporous pressure. 
3 SIMULATION RESULTS 
A study has been conducted to predict the fluid transients in a system comprised of a 
horizontally-mounted straight length of pipe, of constant cross-sectional area, in which fluid is initially 
flowing at a constant velocity. One end of the pipe is taken to be connected to a reservoir at atmospheric 
pressure and a shut-off valve is mounted the opposite end. The initial aim was to predict behaviour 
following instantaneous closure of the valve. System parameters are given in Table 1. The results 
presented here correspond to a 20 element discretisation which was previously found to be appropriate; 
the sensitivity of the predictions to the number of elements selected has been considered elsewhere [20].  
The first element is that which is adjacent to the valve and the last element is adjacent to the reservoir. 
The simulation period was set to 0.11s and variable-step solver, ode23s, was used for numerical 
integration. 
Table 1 Parameters in the simulation 
 
For any hydraulic system, it is difficult to specify the distribution of air bubbles in the oil and their 
initial volume. In order to investigate the influence of air bubbles at the initial conditions, simulation 
runs were undertaken assuming initial air bubble volumes of 0.1%, 1%, and 3% of the element volume 
with a uniform distribution throughout the pipeline. As an illustration, the pressure transient in the 
element corresponding to the position of the first transducer (used in the experimental work, as described 
later), following sudden valve closure, is shown in Fig. 1. In this case, the time constants τ for the 
re-solution and release of air were chosen to be 10s and 5s respectively. As shown in Ref [14], the air 
release process is usually faster than the air re-solution process for mineral oils. Comparison of the three 
graphs shows that the initial volume of air bubbles present in the system is predicted to have a 
significant effect on transient behaviors, and hence is an important parameter. 
 
Fig. 1 Pressure pulsations with different initial volume of air bubbles 
In order to investigate the influence of time constants, predictions of pressure transients were also 
carried out using different air release and re-solution time constants, as well as solubility constant S, as 
shown in Table 2. These correspond to the values presented by Schweitzer and Szebehely [14]. The 
initial volume of air bubbles was assumed to be 0.5% of the element volume, again with a uniform 
distribution throughout the pipeline. Figure 2 shows, for the case of the fourth element, very different 
pressure histories for the three sets of parameters in Table 2. This was also found to be the case at other 
locations in the pipeline. With the larger time constants, the cavitation is almost entirely vaporous, 
because the quantity of air that can be released in the time available is very small. In order to investigate 
the sensitivity of the pressure transient prediction to just the air release time constant, three sets of 
simulations were undertaken using the data in Table 3. Figure 3 illustrates the corresponding pressure 
predictions in the fourth element. It is clear that the greater difference lies between the predicted 
transients for air release time constants of 0.5s and 5s as opposed to time constants of 5s and 50s. 
Further simulations revealed that the sensitivity increased significantly with time constants of less than 
1s. 
Table 2 Parameters of air releasing and resolving time constants and solubility constant 
 
Fig. 2 Pressure transients for the parameters in Table 2 
 
Table 3 Parameters of air release time constant 
 
 
Fig. 3 Pressure transients for the parameters in Table 3 
From these preliminary studies, it can be observed that the initial volume of air bubbles, and the air 
release and re-solution time constants can have a significant effect on pressure transients. In order to 
achieve more accurate simulations, it is vital that correct parameter identification is made to establish 
typical values for these parameters in real systems. 
4 OPTIMIZED RESULTS 
Parameter identification was carried out by using the experimental data to select reasonable parameter 
values. Applying the proposed GAs, experimental data were used to calculate the fitness function. These 
experimental data were obtained by measuring the pressure transients in a horizontal hydraulic pipeline 
following a rapid closure at one end. Figure 4 shows the schematic layout of test rig. A reservoir at one 
end of the pipeline provided a constant upstream pressure as one boundary condition. The pipeline was 
connected to the suction port of a small gear pump (4.8 ml/rev) driven by a variable speed electric motor. 
Previous studies on other, similar, test facilities had shown that it is very difficult to use a valve to 
achieve very rapid shut-off of flow in a pipeline ('rapid' being relative to the dynamics of the induced 
pressure transients). Electrically-actuated valves rarely have sufficient bandwidth to meet the 
requirements and it is very difficult to achieve consistent results with manually-operated valves.  For 
the investigation report here, a novel approach was adopted, as proposed by Mancó (see 
Acknowledgements).  The pump was started with its speed set to achieve a particular flow rate in the 
pipeline. To achieve very rapid shut-off of the flow in pipeline, a steel ball was released from the 
reservoir. The ball, which had a diameter of 10 mm, was carried along by the flow in the pipeline until it 
hit a seat immediately upstream the suction port of the pump. Strong magnets were mounted in close 
proximity to the seat to assist in preventing the ball from bouncing. This technique was found to work 
well for low to medium flow rates (less than 2×10-4 m3/s). However, at higher flow rates, the pressure 
differential required to accelerate the ball was found to create air bubbles immediately behind it, as it 
travelled along the pipeline. Also, the ball was found to bounce from its seat when higher flow rates 
were studied. The work reported here is only concerned with studies at low to medium flow rates.  In 
order to observe visually the nature of the growth and collapse of vapour cavities and air bubbles during 
the transients, a 129 mm long transparent viewing tube, with the same internal bore as the pipe, was 
mounted at the ball seat. Behaviour was recorded using a high speed video camera running at 500 frames 
per second. 
Two piezoelectric pressure transducers, fitted to the pipe at different locations, were used to record 
pressure transients. These signals were sampled at 10 kHz. Hence two sets of experimental data were 
obtained. One is for model parameter identification by GAs, the other for validating efficiency of 
pressure transient models with optimized parameters. In procedure of GAs, experimental data were 
obtained from the pressure transducer closest to the valve seat. 
 
Fig. 4 Principle scheme for the experiments 
For the optimization procedure, the parameters were encoded in binary form and the GAs were set up 
for a population of chromosomes made up of 3 genes, comprising the initial air bubble volume, air 
release time constant and air re-solution time constant. The algorithm parameters are summarized in 
Table 4 and the results of the parameter identification (for the case of a flow rate of 8.7×10-5 m3/s) are 
reported in Table 5. 
 
Table 4 Genetic algorithm parameters 
 
Table 5 Results of parameter identification 
The adoption of these identified parameters in the pressure transient mathematical models led to the 
pressure results in the element, where the first transducer is placed, is illustrated in Fig. 5. In the same 
figure, the simulation results of mathematical models using the No. 1 set of parameters in Table 3 are 
also reported. Clearly the simulation using the identified parameters provides better accuracy, especially 
in terms of the magnitude of the first pressure peak and the timing of the subsequent peaks. 
 
Fig.5 Comparison of simulation and experimental pressure transients at the first transducer 
In the numerical simulation results, at the beginning of each pressure surge, high frequency 
oscillations can be seen immediately on flow stoppage. It is due to the numerical method of the 
discretisation which has a relationship with the discreting element number of the pipeline. With the 
increasing of element number, pressure oscillations at the top of each pulsation will vanish. 
The experimental pressure data from the second transducer is compared with the corresponding 
simulation results of the optimal model in Fig. 6. As can be seen, there is a good agreement between the 
two curves. Comparison of the results demonstrates that the optimization using GAs is capable of 
providing a good estimation of unknown parameters in the model. It is interesting to note that in the 
work of Pettersson et al [18], on the simulation of cavitation and air release in a fluid power piston pump, 
the authors report excellent agreement between predictions and experiment when using a time constant 
of 0.5s for both air release and re-solution. This is significantly smaller than values found in the studies 
report in this paper. A possible explanation is the much greater degree of "agitation" of the fluid that 
takes place in a pump, when compared to the conditions in a pipeline. 
 
Fig.6 Comparison of simulation and experimental pressure transients at the position of the second 
transducer 
For a lower flow rate, the comparisons between simulation and experimental pressure transients are 
shown in Fig.7 a) and b), respectively (for the case of a flow rate of 4.3×10-5 m3/s). In the simulation, it 
is assumed that initial air bubble volumes are associated with the type of liquid and its temperature. 
Therefore, both at the lower initial flow rate and at the higher initial flow rate, the same values of 
identified parameters for the initial volumes of air bubble are adopted. It can be seen that the 
mathematical model with the identified parameters is also reasonable for the prediction under different 
flow rate conditions. Compared with the results above at the medium flow rate (8.7×10-5 m3/s), the 
magnitude of the pressure peaks and the duration between them are decreased at the lower flow rate. 
 
a) At the position of the first transducer 
 
b) At the position of the second transducer 
Fig.7 Comparison of simulation and experimental pressure transients at the lower flow rate 
5 VERIFICATION OF IDENTIFIED RESULTS 
In order to assess the nature of the air release and vaporous cavitation predicted by the model, 
consider the pressure transient in the first element shown in Fig. 8 (for the case of a flow rate of 8.7×10-5 
m3/s). This is similar to the behaviour in the element where the first transducer is placed, but the first 
pressure peak appears earlier. The corresponding cavitation and air bubble volumes are shown in Fig.9. 
The maximum size of the vaporous cavity is 5.5×10-7 m3 and exists for around 40 ms. The air bubble 
volume is smaller than cavitation volume, but it remains present throughout. The air bubble volume 
increases overall because the time constant for air release is smaller than for re-solution. 
 
Fig. 8 Simulation result for the pressure transients in the first element 
 
Fig.9 Predicted cavitation and air bubble volumes in the first element 
Figure 10 illustrates the growth and collapse of the cavities in the viewing tube recorded by the high 
speed video camera. The eight photographs correspond to the points labelled A to H in Fig. 8. Once the 
ball hits the seat (B), a pressure pulse is created which then propagates from the ball to the reservoir. The 
pressure then falls to the vapour pressure, with cavities growing quickly reaching their maximum size at 
the ball face, as shown in (C). From the photographs, it is not possible to differentiate between vapour 
and air, but from Fig. 9 it is notable that at its peak, the vapour volume is dominant, being around 50 
times larger than the air volume. From the photograph in Fig. 10C, the cavitation volume can be roughly 
estimated to be the same as the ball volume, which is 5.23×10-7m3. This agrees well with the maximum 
volume predicted in Fig. 9. The pressure rises again when the pressure pulse travels back toward the ball 
seat, and the vapour cavity collapses and disappears from photograph (D). The volume of air bubbles 
predicted to remain at this condition is too small to be visible in the photograph. When the pressure falls 
again, cavity growth can again be seen (E) but is much smaller than at C. Once again the cavity 
collapses at the arrival of the third pressure peak (F). At last, the cavity and air bubbles experience the 
third time of growth and collapse (G and H). The simulation results for the pressure transients, wave 
propagation times, and, in broad terms, the cavity volume, correspond well with the photographic 
images. Overall, the low pressure transient model with optimal parameters provides an effective 
prediction of observed behaviour. The video of the cavitation behaviour during the pipeline transients 
recorded by the high speed video camera in the first element is shown in video 1. 
 
Fig.10 Record of cavitation behaviour in the first element 
 
Video 1 Cavitation behaviour in the first element 
6 CONCLUSIONS 
A study has been undertaken to model the pipeline transients and to identify the values of key 
parameters for use in the modeling of pressure transients in low pressure oil-hydraulic pipeline. The 
following conclusions are drawn:   
1.  The low pressure oil-hydraulic pipeline transient models are given by considering the behavior of gas 
bubbles and cavitation in this paper. 
2.  The comparison of simulation results and experimental data shows that the low pressure 
oil-hydraulic pipeline transient models can capture the key feature of the fluid transients. 
3.  A GA-based parameter identification scheme is an effective means to obtain the reasonable values of 
parameters in the low pressure oil-hydraulic pipeline transient models. 
4.  The identified parameters may only be applicable for the specific conditions of the experiment in this 
paper. Further work needs to be undertaken to find out the extent to which these values can be applied 
under other test conditions. 
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Notation 
Bair bulk modulus of air (Pa) 
Beff effective bulk modulus (Pa) 
Bliquid bulk modulus of liquid (Pa) 
0c  acoustic velocity in hydraulic oil (m/s) 
F(q) frictional force arising from fluid viscous effects (N) 
F0 steady state friction (N) 
g acceleration due to gravity (m/s2) 
p  pressure at some point along the pipeline (Pa) 
ep  equilibrium pressure (Pa) 
p0 pressure at reservoir (Pa) 
p0 atmospheric pressure (Pa) 
q flow rate at some point along the pipeline (m3/s) 
inq  inflow rate (m3/s) 
outq  outflow rate (m3/s) 
0r  internal radius of pipeline (m) 
S solubility constant 
t time variable (s) 
V volume of hydraulic oil with vapor cavities and air bubbles present (m3) 
Vair volume of air bubbles (m3) 
Vcav volume of vaporous cavities (m3) 
Viniair initial volume of air bubbles (m3) 
x space variable (m) 
Yi frequency dependent unsteady friction (N) 
θ0 angle of hydraulic pipeline inclined to the horizontal (rad) 
μ dynamic viscosity of hydraulic oil (Pa·s) 
ρ density of air and liquid mixture in the pipeline (kg/m3) 
τ time constant(s) 
τr time constant for air release(s) 
τs time constant for air re-solution (s) 
v  volume of air dissolved inside the oil (m3) 
ev  volume of air dissolved in the oil at pressure pe under equilibrium conditions (m3) 
∞v  volume of air dissolved in the oil at pressure p under equilibrium conditions (m3)  
 
 
Table 1 Parameters in the simulation 
Parameters Values 
Bulk modulus of hydraulic oil 16000 bar 
Kinetic viscosity of hydraulic oil 44 mm2/s 
Density of hydraulic oil 875 kg/m3 
Head in reservoir 0.3 m 
Initial flow rate 8.7×10-5 m3/s 
Pipeline internal diameter 0.0102 m 
Length of test pipeline 3.856 m 
Maximum time step 0.0001 s 
 
 
Table 2 Parameters of air releasing and resolving time constants and solubility constant 
No. 
Air release time const. 
(s) 
Air re-solution time const. 
(s) 
Solubility const. 
(%) 
1 
2 
3 
0.43 
5.13 
65 
4.44 
8.86 
557 
11.98 
10.72 
8.15 
 
 
Table 3 Parameters of air release time constant 
No. 
Air release time const. 
(s) 
Air re-solution time const. 
(s) 
Solubility const.  
(%) 
1 0.5 100 10 
2 5 100 10 
3 50 100 10 
 
  
 
 
 
 
Table 4 Genetic algorithm parameters 
Parameters Values 
Number of generations 30 
Number of chromosomes 20 
Selection method roulette 
Crossover probability 0.4 
Mutation probability 0.005 
 
Table 5 Results of parameter identification 
Identified parameters Values 
Initial volume of air bubbles in the hydraulic oil 6.72×10-9 m3 
Air release time constant τr 5.88 s 
Air re-solution time constant τs 11.35 s 
 
 
 
 
Fig. 1 Pressure pulsations with different initial volume of air bubbles 
 
Fig. 2 Pressure transients for the parameters in Table 2 
 Fig. 3 Pressure transients for the parameters in Table 3 
 
Fig. 4 Principle scheme for the experiments 
 Fig.5 Comparison of simulation and experimental pressure transients at the first transducer 
 
Fig.6 Comparison of simulation and experimental pressure transients at the position of the second 
transducer 
 a) At the position of the first transducer 
 
b) At the position of the second transducer 
Fig.7 Comparison of simulation and experimental pressure transients at the lower flow rate 
 Fig. 8 Simulation result for the pressure transients in the first element 
 
Fig.9 Predicted cavitation and air bubble volumes in the first element 
    
(A) 0s                (B) 0.01s 
   
(C) 0.038s             (D) 0.058s 
   
(E) 0.074s            (F) 0.082s 
   
(G) 0.096s           (H) 0.100s 
Fig.10 Record of cavitation behaviour in the first element 
 
 
 
 
